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ABSTRACT 
This investigation determined some of the induction 
heating characteristics of powdered magnetite, iron and 
ferrosilicon susceptor dispersed in silica sand which 
had been coated with thermosetting resin. The powdered 
susceptor particles in the mixture were heated by the 
field of an induction coil, consequently heating the resin 
coated sand and bonding the sand grains together. 
It was found that the type, relative amount,and par-
ticle size of the susceptor were important variables to 
be considered in the induction heating characteristics. 
Hysteresis losses in the susceptor particles, which are 
a function of the coil current, frequency,and permeability, 
appear to be the primary cause of heating. 
In addition, the effect of the susceptor particles 
on the strength of resin bonded sand was determined. The 
decrease in strength was found to be dependent on the 
number and size of the susceptor particles. Coating the 
susceptor particles with resin was determined to be ef-
fective in increasing the strength. 
Robert ~on Wright 
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I. INTRODUCTION AND BACKGROUND INFORMATION 
A. Introduction 
The purpose of this investigation was to determine 
the variables affecting the curing characteristics of a 
thermosetting plastic coated sand in which a powder sus-
ceptor is mixed followed by induction heating. When the 
powdered susceptor-sand mixture is subjected to the field 
of an induction coil, the susceptor heats. The heat is 
transferred from the susceptor to the coated sand grains 
causing the thermosetting plastic to cure and harden, con-
sequently bonding the sand grains together into a coherent 
mass. 
The ultimate goal of the study is to apply this infor-
mation for the production of foundry mold components, es-
pecially cores. There are no references in the literature 
concerning this unlque application of induction heating. 
Therefore, this section of the dissertation will only 
provide the background information necessary to understand 
the phenomena. 
B. Foundry Cores 
A foundry core may be defined as an object which forms 
the contours of a casting not molded by the pattern. Cores 
are used extensively to form complex internal cavities in 
castings, thus allowing intricate shapes to be cast which 
would be difficult or impossible to make by other processes. 
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A variety of raw materials are used to make cores; metal 
and ceramic, while the majority are made of silica sand 
bonded together by various media. 
Generally, some type of organic compound is used to 
coat the sand grains followed by baking at elevated tem-
peratures. The baking bonds the sand grains together by 
hardening or curing the organic coating and thus gives 
the core overall strength. The baked strength must be 
sufficient to withstand handling and placement of the core 
in the mold. Also, the core must be strong enough to with-
stand the pressure of a molten mass of metal at high tem-
perature long enough to allow the metal to solidify around 
the core. After the metal has solidified, the core must 
have a lower strength to facilitate efficient removal from 
the casting. 
For many years vegetable oils, particularly linseed 
oil, were used as bonding agents. These oils may be clas-
sified as oxidizing oils; i.e., when exposed to the atmos-
phere at elevated temperatures during baking, they form a 
hard residue by oxidation which bonds the sand particles 
together. Yet, they decompose slowly at the higher tem-
peratures of casting, allowing the core to be easily re-
moved from the casting after solidification. 
These oil bonded cores have been entirely satisfactory 
for many years despite the long baking cycles at 400-500°F 
to develop the necessary strength. They also lack green 
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strength and require careful handling during their manu-
facture. Distortion and mechanical failure preceeding 
and during baking is a serious problem in these cores as 
they may subsequently produce defective castings or unac-
ceptable tolerances. 
C. Thermosetting Resin Binders 
The use of thermosetting resins as core binders began 
to gain acceptance as early as 1944 when Morgan(l) com-
pared the characteristics of resin bond cores to linseed 
oil bonded cores. During this early period of usage, the 
cores were baked by conventional means and little was 
gained with respect to curing times. Large cores were 
extremely slow curing since heat was required to flow from 
the outside of the core to the inside through a rather 
poor thermal conductor. Several excellent review articles 
summarize the characteristics of these processes as well 
as the properties of cores produced< 2 >< 3 >< 4 >. 
Numerous articles(S)(G)( 7 ) have been published describ-
ing the characteristics and chemistry of thermosetting 
resins and they will briefly be summarized here since a 
comprehensive treatment is beyond the scope of this thesis. 
Resins are usually classified in two broad groups; 
thermoplastic and thermosetting. Thermoplastics may be 
softened by heat and then harden into shape upon cooling, 
the process being completely reversible. The thermosetting 
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resins will harden or set into a permanent shape when 
heated due to physical and chemical changes and the pro-
cess is irreversible. 
Thermosetting resins include epoxies, polyesters, urea-
formaldehyde and phenol-formaldehyde. Phenol-formaldehyde 
may be thermoplastic or thermosetting, depending on the 
ratio of phenol and formaldehyde. In the so called two-
stage resins the phenol to formaldehyde ratio is high during 
the coating operation and the resin is thermoplastic. To 
make the resin thermosetting additional formaldehyde and 
heat must be added. The additional formaldehyde is fur-
nished by the breakdown of hexa-methylene-tetramine ("hexa") 
when heat is applied. 
These two stage resins are known as novalaks and are 
available as a solid or liquid. Usually, the sand is 
coated with thermoplastic phenal-formaldehyde and "hexa" 
being careful not to heat the "hexa" to the reaction tem-
perature. One way is to dissolve both materials in al-
cohol and water and coat the sand by mulling. After a 
short period of mulling, the alcohol and water are evap-
orated leaving a free flowing resin coated sand. This 
resin coating becomes thermosetting when heated to the 
proper temperature (about 350-400°F) and bonds the sand 
grains together. 
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In most cases a release agent is added to the mixture 
to prevent the resin from sticking to the pattern or core 
box when cured. Several types of waxes and kerosene have 
been used for this purpose. 
D. Shell Molding and Coremaking 
In contrast to the use of thermosetting resins for 
coremaking, a process was patented by Croning in Germany 
in 1944 which utilized a unique method of making molds. 
The method consists of pouring a dry free flowing sand-
thermosetting plastic mixture onto a pattern preheated 
to about 400°F, allowing a skin or shell to harden or cure. 
After a few seconds the hardened shell is removed from the 
heated pattern and further baked for a short time to insure 
a uniform cure. This process offered distinct advantages 
over other high production molding processes such as ease 
of mechanization, close tolerances, excellent surface 
finish,and reproducibility. The developments in this 
process and its widespread use have been described in 
numerous articles. The most recent comprehensive treat-
. . . b A d (S) 
ment of the present practlce lS glven y n rews . 
The development of the shell molding process lead to 
further developments ln the use of thermosetting plastics 
as core binders. Rather than making a solid core in a cold 
core box followed by baking, it was now possible to make a 
shell core, consisting of a thin shell conforming to the 
core box, the remainder of the core being hollow. This 
6 
can be accomplished by filling a heated metal corebox with 
sand-thermosetting plastic mixture, allowing a few seconds 
for a thin shell to cure and harden and dumping the remainder 
of the mixture from the core box before hardening occurs. 
This process has several major advantages, namely savings 
in core materials, speed, automation, and excellent surface 
finish. In addition, less distortion and mechanical damage 
occurs since the core is completely cured in contact with 
the core box and can be used immediately after removal. 
The major disadvantage of both shell molding and shell 
cores is the pattern expense as they must be accurately 
machined from a suitable metal. Apparently the advantages 
far outweigh the disadvantages as thermosetting resin 
bonded molds and cores have experienced increased usage. 
E. Induction Heating 
Induction heating may be described as a method of 
increasing the temperature of a substance by the transfer 
of electrical energy by induction from an alternating 
current carrying conductor, usually referred to as the 
heating coil, to the substance to be heated, usually called 
the workpiece. The coil sets up a field of magnetic flux 
which induces currents in the workpiece and heating results 
from resistance to the flow of current. Thus, the principle 
of induction heating is essentially the same as that of a 
transformer. The induction coil is equivalent to the 
primary of a transformer and the workpiece equivalent to 
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the secondary of the transformer. The theories of indue-
tion heating are treated in several textbooks(9)(lO)(ll) 
and publications concerning specific applications are 
numerous. 
One of the primary characteristics of induction heat-
ing is a phenomenon commonly called the skin effect. This 
effect is so named due to the induced current distribution 
ln the surface of the workpiece and is generally referred 
to as the equivalent depth which is defined as: 
Where: 
0 ::: l 
27T in em. 
o ::: depth at which the current density is 
36.7% of its surface value 
p ::: resistivity of workpiece - abohm•cm. 
~ ::: permeability of workpiece 
f ::: frequency of current in coil (and also 
in workpiece) in cycles/sec. 
The significance of this equation lS apparent when one 
(l) 
considers that the heating of the workpiece takes place 
by I2R losses. Thus, induction heating may be compared 
to ordinary resistance heating in that there is a flow 
of current (I) and a resistance to this flow (R) which, 
when combined, are responsible for the generation of heat. 
The apparent difference between resistance heating and 
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induction heating is the skin effect, which shows that the 
majority of the current is concentrated near the surface 
rather than evenly distributed. Hence in induction heating 
the surface heats at a much faster rate than the interior. 
Another important consideration is the minimum diameter 
workpiece which may be effectively heated. If the reference 
depth is larger than the radius of the workpiece the induced 
currents begin to cancel at the center. In effect this re-
duces the induced current density and consequently the ability 
to heat. In this respect, frequency is very important. 
For a given material, the higher the frequency, the smaller 
the diameter of the particle which may be heated by 
induction. 
The other two variables in the reference depth equa-
tion, resistivity and permeability, are also significant. 
As the resistivity increases, the reference depth increases 
and thus the particle size which may be effectively heated 
increases. Thus, the higher the resistivity, the larger 
the diameter required for effective heating. The per-
meability of a material is a function of the magnetic 
flux density (B) and the magnetic field strength (H) and 
is given by the formula: 
~ = B (2) H 
The permeability of a material indicates the increase in 
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the flux density (B) over that produced in air, where 
B = H, the permeability of air being defined as unity. 
Thus, a material with a permeability greater than unity 
tends to concentrate the flux in the material rather than 
in the air surrounding the material. The permeability 
of a material is not a constant in an alternating field 
but changes along a hysteresis loop on the B-H plot, 
especially at low frequencies. At high frequencies, how-
ever, it is generally assumed to be constant, having a 
value glven by the slope of the line from the origin to 
the tip of the hysteresis loop. 
Materials, which have a permeability much greater than 
unity, are said to be ferromagnetic. The permeability of a 
diamagnetic material is slightly less than unity whereas a 
paramagnetic material has a permeability slightly greater 
than unity. For practical reasons the permeability lS con-
sidered to be unity for all materials which are not ferro-
magnetic. Accordingly, it should be possible to heat a 
smaller diameter workpiece composed of a ferromagnetic 
material, other factors being equal. 
Libsch and Capolongo< 12 ) summarized all of the known 
applications of susceptors for induction heating of non-
conductors in 1963 and defined the term "susceptor" as 
"an electrically conductive material which is heated by 
induction and positioned so as to heat a workpiece". 
Libsch(l 3 ) also indicated that frequency and particle SlZe 
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would be of primary concern when metal powders are used 
as susceptors and commented that appreciable heating would 
not be expected of powder particles in the range of several 
hundred microns. 
The closest approach to induction heating of powdered 
susceptors is the losses and consequent heating of powdered 
magnetic cores commonly employed in magnetic circuits. 
(The use of the term core here implies the interior of an 
inductance coil and is not to be confused with the pre-
viously discussed foundry core.) Only a cursory discus-
sion of these phenomena will be given here as a prelude 
to the discussion of results. Polydoroff(l4 ), Welsby(lS) 
and Burdell(lS) discuss the losses in so called 'l:iust" 
cores which may be described as a composite material made 
up of finely divided ferromagnetic particles which have 
been coated with an insulating binder and compressed to 
form a uniform mass. The magnetic flux in dust cores 
passes alternately through the magnetic particles and non-
magnetic gaps between the particles. An important charac-
teristic of these cores is their low composite permeability 
as compared to the intrinsic permeability of the magnetic 
particles and can be expressed as a function of their 
"packing factor"; i.e., the ratio between the volume of 
the magnetic particles and the total volume of the core. 
This "composite permeability" may be calculated using 
Howe's formula(l 7 ): 
lJ _( 2 I 3) c 1-p) c lJ _1 ) 
0 0 
llc = 
1 + (1-P)/3(].1 -1) 0 
Where: 
lJc = composite permeability of core 
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( 3) 
P = fractional volume of magnetic material in 
the core 
lJo = intrinsic permeability of the magnetic 
particles. 
There are three types of losses which can occur in 
high frequency core materials; hysteresis losses, eddy 
current losses and residual losses. Although all three 
of these losses contribute to the total loss, one type 
usually predominates in a given core composition. In high 
conductivity core materials eddy current losses are the 
highest, whereas in high resistivity materials hysteresis 
losses are higher. Of course, only eddy current losses 
are present in non-magnetic materials. 
Hysteresis losses are caused by alignment and realign-
ment of magnetic domains due to alternating currents. The 
friction accompanying realignment of the domain is mani-
fested in the heat developed in the material. Hysteresis 
losses are theoretically proportional to the first power 
of the frequency and inversely proportional to the cube 
of the permeability. 
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Eddy current losses predominate in materials having 
low resistivity and is so named because the induced cur-
rents in the core circulate around the conductors in swirls 
or "eddies". The important feature of eddy current losses 
ln powdered cores is that they are proportional to the 
square of the frequency, the square of the particle diameter, 
the square of the induced current and inversely propor-
tional to the resistivity of the particle. Eddy current 
losses are reduced in inductance cores by using thin 
laminations or very small particles, well insulated from 
each other (dust cores) and utilizing materials with high 
resistivities. 
The physical significance of residual losses lS not 
well known, but have been determined to be proportional 
to the first power of the frequency and permeability. 
Residual losses are an inherent property of the material 
and theoretically not affected by particle size in dust 
cores. 
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Although brief and qualitative, the above discussion 
of core losses allows important conclusions: 
Where: 
Hysteresis losses - frequency/~3 
Residual losses - frequency x ~ 
Eddy current losses-(frequency)2 x d2 x I2/p 
~ = Permeability 
d =·Diameter of particle 
I = Coil Current 
p = Resistivity 
Theoretically, residual losses and hysteresis losses are 
an inherent property of the core material, while eddy cur-
rent losses are a function of the size of the particles in 
the core material. A semi-quantitative discussion of these 
theories and the results of this investigation will be given 
in the body of the thesis. 
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II. EXPERIMENTAL APPARATUS AND PROCEDURE 
A. Introduction 
In the curing of thermosetting plastic resins, time 
and temperature are the important variables. In this in-
vestigation the powdered susceptor particles were heated 
by induction and transferred heat to the sand which was 
coated with a thermosetting plastic resin. Thus, the 
time required for an optimum cure depended on: 
1) temperature reached by the powdered susceptor. 
2) transfer of heat from the susceptor particles 
to the coated sand grains. 
In order to determine some of the characteristics of 
powdered susceptor induction heating, 3 basic studies were 
made: 
1) Influence of the relative amount of powdered 
susceptor on the heating characteristics. 
2) Influence of the particle size of the powdered 
susceptor on the heating characteristics. 
3) Influence of the type of powdered susceptor on 
the heating characteristics. 
In addition the following supplementary information was 
. ' 
obtained: 
1) Effect of the uncoated susceptor particles on 
the transverse strength. 
2) Effect of resin coated susceptor particles on 
the transverse strength. 
3) Influence of the coil current on the heating 
characteristics. 
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The procedure followed ln obtaining this information 
is summarized below and will subsequently be described in 
detail. 
l) Coat the silica sand grains with prescribed amount 
of thermosetting resin. 
2) Mix the powdered susceptor uniformly with the 
resin coated sand. 
3) Introduce resin coated sand-susceptor mixture 
into mold cavity of the desired dimensions. 
4) Expose the mold containing the sand-susceptor 
mixture to the field of the induction coil. 
5) Remove the solid specimen from the mold and 
allow it to cool to room temperature. 
6) Cut specimen into 2 equal segments and test 
each segment for transverse strength. 
The modulus of rupture was calculated from the trans-
verse strength data. This information provided a good in-
dication of the curing characteristics of each formulation 
of sand-susceptor mixture. 
B. Raw Materials 
a) Sand 
The sand used for this investigation was a washed 
and dried silica sand having the screen analysis shown in 
Table 1. 
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Screen Size Wt. Retained Wt. % Retained 
+ 65 mesh 1.70 0.97 
+100 20.98 12.01 
+150 77.60 44.30 
+200 55.68 31.63 
+325 16.81 9. 6 0 
-325 2.59 1.49 
175.36 gm. 100.00 
Table l 
Screen Analysis of Silica Sand Used in This Investigation 
The sand grains are best described as rounded or 
spherical as shown by Figure (1). This is a typical com-
mercial grade sand used for a variety of coremaking 
processes. 
b) Method of Coating Sand Grains with Resin 
The resin used for this investigation was a 
novalak or two stage resin as described in the background 
information. It was donated by the ACME RESIN CO. and 
consisted of phenol-formaldehyde dissolved in alcohol and 
water while the hexa was in powdered form. A wax release 
agent was used which was also in powdered form. 
The resin manufacturer's procedure was followed in 
coating the sand with resin. The coating was performed 
17 
Figure l 
Silica Sand Grains at 150 Diameters. 
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J..n a Simpson laboratory muller using the "cold process" 
as follows: 
1) Charge the appropriate amount of sand, 
"hexa" and wax to the muller. Mull for 
about 2 minutes to allow even distribution 
of "hexa" and wax. 
2) Add the appropriate amount of liquid resin 
as rapidly as possible. Since these resins 
are rather viscous and adhere to the con-
tainer, it is necessary to have a direct 
reading scale to determine when the cor-
rect amount has been added. This is accom-
plished by reweighing the container and 
residual resin after each addition. 
3) Mull until a free flowing sand is obtained. 
This requires from 10 to 20 minutes and 
the muller must be periodically stopped 
to clean the plow and rollers. 
4) Add the second addition of wax and mull 
another 2 minutes. 
5) Discharge sand from muller and age for 24 
hours. This gives a consistant product 
which will not lump. 
6) Screen through a 48 mesh sieve to remove 
large lumps of sand and resin. 
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The appropriate amount of "hexa" and wax is deter-
mined by the amount of resin using the following formula 
provided by the manufacturer. 
Weight of sand 
Weight of liquid resln 
Weight of "hexa" 
Weight of wax (lst addition) 
Weight of wax (2nd addition) 




180 gm. (4%) 
21.6 gm. (12% of resin) 
4701.6 gm. 
3 . 6 gm. (2% of resin) 
3. 6 gm. (2% of resin) 
X 100 = 4.28%. 
This lS described as a 4 per cent resin coated sand 
and is the formula used throughout this investigation. 
The actual solid resin content would be lower, consider-
ing the small amount lost in the mulling process and the 
evaporation of alcohol and water. However, small varia-
tions in the actual resin content were not significantly 
important in this study. 
c) Susceptors 
Three types of powdered susceptors were used; 
iron, magnetite (Fe 3 0 4 ), and ferrosilicon containing 15% 
silicon. The iron and ferrosilicon were used in commercially 
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pure form but the magnetite contained about 5% nonmagnetic 
particles which were removed by magnetic separation before 
USlng. 
Since it was desired to study the effect of particle 
size on the heating efficiency, the powders were screened 
to obtain the various sizes. The particle sizes used 
were: -65 + lOO mesh, -l50 + 200 mesh, -200 +325 mesh 
and -325 mesh. Fractionation was accomplished by screen-
lng for 30 minutes in a Ro-Top sieve analysis apparatus, 
using a 300 gram sample. The average particle size of 
the -325 mesh powder was determined by the U. S. Bureau 
of Mines using a Micromerograph. 
Typical shapes of the susceptor particles is shown 
in Figures 2, 3 and 4. They are generally angularly shaped 
as compared to the sand, especially the magnetite particles. 
The relative amount of susceptor was varied from lO% 
to 30% by weight for each particle size. 
d) Preparation of Sand-Susceptor Mixtures 
The components, resin coated sand and powdered 
susceptor, were weighed out and blended by hand mixing 
until the susceptor appeared to be uniformly distributed 
in the sand. A separate mixture was made for each speci-
men in order to avoid errors due to segregation of the 
susceptor in the sand. The total weight of each mixture 
was predetermined so as to produce only a slight excess 








200 Mesh Iron Susceptor Particles at 150 Diameters. 
Figure 4 




Although very careful blending procedures were used 
for each mix, it was impossible to prevent some segregation 
when introducing the mixture into the mold cavity. This 
was especially true of the coarse powders as shown by the 
variation of the color of the finished specimens. The 
problem of segregat~on was diminished as the susceptor 
particle size was reduced, such as 200 mesh and finer. 
C. Experimental Apparatus 
a) Mold Design 
The mold used throughout the investigation is 
shown in Figures 5 and 6. It was constructed of non-
metallic materials, mahogany and lava (Hydrous alumina 
silicate). When assembled, the mold cavity was l/4" x 
l/2" x 5" and produced a specimen of these dimensions. 
The mold consisted of 4 separate parts and was easily 
assembled and disassembled, facilitating the removal of 
the hardened specimen. 
The Lava lining prevented burning of the mahogany 
and contributed to the smooth surfaces of the cured speci-
mens. Adherence of the specimen to the walls of the mold 
was not a serious problem and most specimens were removed 
easily without damage. 
After removal of the specimen, the mold was allowed 




Mold Used for Making 1/4" x 1/2" x 5" Specimens. Photo-
graphs Shows Mold Disassembled Into 4 Parts Along With 
Cured Specimen .in Approximate Location Used for Curing. 
Figure 6 




b) Induction Unit 
The induction coil used for all of the runs is 
shown in Figure 7. The inside diameter of the coil is 4 
inches and the length is 4 l/2 inches. It is constructed 
of 3/16 inch inside diameter copper tubing and consists of 
12 turns. 
The coil was activated by a Lepel high frequency 
(400 KC) induction unit with a maximum power of 10 KW. 
When operated at full power, 145 RF amps was produced in 
the coil. All specimens, except those noted otherwise, 
were produced at full power, constant current and 
frequency. 
c) Traversing Apparatus 
In order to assure that each volume element of 
the specimen experienced the same field of the coil for 
the same period of time an apparatus for uniformly moving 
the mold vertically through the coil was constructed. 
This device is shown in Figure 8 and the complete set-up 
in Figure 9. The device consists of a l/15 HP Variable 
speed DC motor coupled to a 48/l speed reducer. The 
rectifier-controller was a djustable to allow a velocity 
range from l/2" to 10" per minute. A calibration curve 
was empirically determined which allowed any v e locity to 
be r e produced as required. 
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Figure 7 
Induction Coil Showing Mold in Starting Position. 
29 
Figure 8 




Overall View of Induction Machine, Traversing Apparatus, 
Coil, and Mold in Terminal Position. 
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D. Proce dure 
a) Induction Heating of t he Mixture 
After f illing the mold cav i ty wi th the sand -
s usceptor mixture, the mold was pulled upward throug h the 
center of the coil at the desired rate. The following 
procedure was used ln each run. 
l) Set control l er to des i red veloc ity. 
2 ) Allow top of mold to r each bot tom of coil 
( F i gure 7 ). Excite coil at fu ll power. 
3) Allow mold t o trave rse coil unti l bottom 
of mo ld reaches the top of the coil 
( Figure 9 ). Turn off indu ction uni t . 
Each run was timed for total rete ntion time wi t h a stop 
watch as a safegu a rd a gainst e rrors . The r et e n t i on time 
is the t ota l time e l apsed as the mold traverses the coil , 
start ing as the top of the mold cavity enter s the bott om 
of the coil a nd e n d ing as the bottom of t h e mo l d cav i t y 
r eac h es the top of t h e co i l . I mmed i at e l y after t h e i ndue-
tio n unit was turned off, the mold was disassembled and 
the spe c ime n r e mov e d . Thi s r e quired abou t 15 s e conds . 
b ) Tra n s v e r se Tes ting 
Each spec ime n was visua lly inspected fo r s urface 
f in i s h a n d gen e r a l a ppearanc e b e f o r e b e ing c ut into t wo 
3 2 
equal seg ments which wer e l/4 x l/2 x 2 l/2 inches . Thes e 
segments were subsequently tested for transver s e stre n gth 
1 n a Universal t esting machin e as shown in Fig ure 1 0. 
In this t e st the loa d is app lied midwa y between t he 
s upport s whic h a r e 2 i nches apart . The mac h ine a u tomat i cally 
records the l oad at failure from which the mod ulus of r u p -







M = 3 PL 
2 bh 2 
Modulu s o f rupt u r e 
Total l oad at failure-pounds 
Di s tance be tween s u pport s - inch e s 
Width o f spec ime n-inches 
Height of spec i men - inches 
( 4 ) 
For t h e specime n s u sed 1 n thi s inve s tigatio n t hi s for mu l a 
may b e r e d u ced a s fol l ows : 
L = 2 inches 
b = l / 2 inc h 
h = l/4 inch 
M = 
3 p X 2 
2 X l / 2 X ( l /4) 2 
= 96 p ( 5 ) 
Figure 10 
Transverse Testing Machine. 
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Dial at Left Automatically Records Transverse Strength at 
Fracture. 
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The modulus of rupture is the parameter used throughout 
the investigation as a measure of the extent of cure of 
each specimen and hence the heating characteristics of 
each formulation of resin coated sand-susceptor mixture. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Introduction 
The purpose of this investigation was to determine 
the heating characteristics of several combinations of 
resin coated sand-susceptor mixtures. Each formulation 
of resin coated sand-susceptor mixture was exposed to the 
induction field for a definite retention time, the speci-
men removed from the mold and tested for transverse strength. 
From these data the modulus of rupture was calculated for 
each specimen and used as a measure of the extent of cure. 
Plots of the modulus of rupture versus retention time for 
each formulation provide a good indication of the heating 
characteristics of each susceptor with respect to mesh 
size, relative amount and type. 
All of the data reported are for sand coated with 
4% resin as described previously. The susceptor particles 
were not coated for the first group of experiments. How-
ever, one group of specimens was made using magnetite sus-
ceptor coated with 2 and 4 per cent resin. These results 
are compared with the results of using uncoated susceptor. 
Experiments were also performed to determine the 
effect of coil current on the heating efficiency of mag-
netite susceptor. 
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B. Magnetite Susceptor 
Inasmuch as the characteristics of all three suscep-
tors exhibited similar trends, the detailed results for 
magnetite used as a susceptor will be given in this sec-
tion and the results of using iron and ferrosilicon will 
be included in the appendix. The three types of suscep-
tors will be compared with respect to their relative heat-
ing characteristics. 
Tables 2 through 5 summarize all of the magnetite re-
sults. Note that for the -325 mesh (26 micron) particle 
size data were taken for 10, 15 and 20 weight per cent 
susceptor, whereas those· mixtures with 20, 25 and 30 weight 
per cent susceptor were investigated only for the particle 
sizes larger than -325 mesh. For larger percentages of 
the -325 mesh susceptor, these specimens were of very poor 
appearance and overcured rapidly. Smaller percentages of 
the coarser susceptor material required long, impractical 
retention times to cure. 
As can be seen from the data, several specimens were 
made using the same formulation with respect to susceptor 
size and relative amounts but increasing the retention 
time for each successive run. Figure 11 is a photograph 
of the specimens containing 25 per cent + 100 mesh mag-
netite susceptor. Referring to Figure 11 and Table 2, 
for a 3 minute retention time, the specimen has a gray 





Specimens Heated Using 25 Per Cent + lOO Mesh Fe 3 o4 • 




was subjected to the field for 4 minutes has a slight 
yellowish color, indicating that the resin had begun to 
cure. The specimens retained for 6 and 8 minutes have a 
brownish yellow color characteristic of a complete cure. 
However, increasing the retention time from 6 to 8 minutes 
caused an increase of 77 psi in the modulus of rupture. 
A retention time of 10 minutes was sufficient to cause 
overcuring of this formulation as indicated by the dark 
brown color and a loss of 24 psi in the modulus of rupture. 
The relationship between modulus of rupture and reten-
tion time for the various susceptor sizes is shown in Figures 
12 through 15. Each plot is for a given size of susceptor 
and has three curves, one for each percentage of susceptor 
used. The middle curve in Figure 12 (25% +100 mesh) cor-
responds to the specimens shown in Figure 11 and previously 
discussed as a typical group. 
The results of using 25 per cent +100 mesh susceptor 
are typical of the results obtained for each formulation 
of susceptor size and relative amount. As the retention 
time was increased, the strength increased, reaching an 
ultimate strength when the resin obtained an optimum cure. 
Longer retention times caused overcuring and a lowering 
of the modulus from the ultimate value. The color trends 
were also similar for each formulation, changing from 
gray to yellow brown to brown as the retention time was 
increased with a yellow brown color giving the optimum 
properties. 
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+ 100 Mesh Fe 3 0 4 - 20% 
Retention Load at Rupture Modulus of Rupture 
Time (Pounds) 
(Minutes) 1 2 Ave. (psi) 
3 1.0 1.0 1.0 96 
4.25 2.7 2.3 2.5 240 
6 4.5 3. 6 4.1 342 
7.75 5.9 5.7 5.8 560 
9.5 7.2 6.3 6.8 650 
12.50 7.1 6.6 6.9 660 
15 6.9 6.5 6.7 643 
+ 100 Mesh Fe 30 4 - 25% 
3 2. 3 2.1 2.2 211 
4.25 4.1 3. 9 4.0 386 
6. 0 6.0 5.4 5.7 547 
7.75 6.8 6.2 6.5 624 
9.5 6.9 5.5 6.2 600 
+ 100 Mesh Fe 3 0 4 - 30% 
2 1.5 1.5 1.5 144 
3 4.3 3.9 4.1 393 
4.25 5. 6 5.3 5.5 528 
6 5.9 5. 5 5.7 547 
7.75 6.2 5.2 5.7 547 
Table 2 
Results of Using +100 Mesh Magnetite Susceptor. 
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+ 200 Mesh Fe 3 o4 - 20% 
Retention Load at Rupture Modulus of Rupture 
Time (Pounds) 
(Minutes) l 2 Ave. (psi) 
2 1.0 1.0 1.0 96 
3 3.8 3. 0 3.4 326 
4 4.9 4.1 4.5 432 
4.75 5. 6 5.0 5.3 508 
6 5.7 5.1 5.4 518 
8 6. 3 5.7 6. 0 576 
ll 6.1 5.4 5.8 557 
+ 200 Mesh Fe 3 0 4 - 25% 
2 2. 5 2.0 2.2 216 
3 4.9 4.1 4.5 432 
4 5.4 4.6 5.0 480 
4.75 5.3 4.5 4.9 470 
6 5.2 4.4 4.8 461 
+ 200 Mesh Fe 3 0 4 - 30% 
1.5 2.3 1.7 2. 0 192 
2 3.3 3.1 3.2 307 
3 4.9 4.1 4.5 432 
4 3. 7 3.7 3.7 355 
Table 3 
Results of Using +200 Mesh Magnetite Susceptor. 
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+ 325 Mesh Fe 3 o4 - 20% 
Retention Load at Rupture Modulus of Rupture 
Time (Pounds) 
(Minutes) l 2 Ave. (psi) 
2 2 . 5 2. 3 2.4 230 
3 5.2 4.8 5.0 480 
3.75 6. 0 5.4 5.7 547 
5 6.6 5. 8 6. 2 595 
8 6.l 5. 5 5. 8 557 
+ 325 Mesh Fe 3 0 4 - 25% 
l.S 2.7 2. 3 2.5 240 
2 4.l 3.9 4.0 384 
3 5 . 0 4.4 4.7 452 
3.75 5.5 4.5 5.0 480 
5 4.7 4.5 4.6 442 
l 2. 0 l.8 l.9 l82 
2 4.7 3.9 4.3 4l3 
3 4.3 3 . 8 4.l 394 
Table 4 

















-325 Mesh Fe 0 - 10% 3 4 
Load at Rupture Modulus 
(Pounds) 
l 2 Ave. 
2.7 2.3 2. 5 
6. 5 5.8 6.2 
7.4 6.4 6.9 
6.8 6.2 6. 5 
-325 Mesh Fe 3 o4 - 15% 
2. 2 1.8 2. 0 
4.0 3.4 3.7 
4.9 4.6 4.8 
6. 3 6.3 6.3 
6. 0 6.4 6.2 
-325 Mesh Fe 3 0 4 - 20% 
1.5 1.5 1.5 
3. 8 3.4 3.6 
4.7 4.2 4.5 
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These curves illustrate the effect of increasing the 
relative amount of a given susceptor size on the heating 
efficiency. Thus, Figure 12 shows that for 30 per cent 
+100 mesh susceptor, the ultimate strength is reached at 
a retention time of about 5 minutes while a specimen con-
taining 20 per cent +100 mesh susceptor requires about 11 
minutes to reach its ultimate strength. It is also ob-
vious that the ultimate strength is higher for a specimen 
containing 20 per cent susceptor than for one containing 
30 per cent susceptor. The decrease in strength with 
increasing amounts of susceptor particles would be expected, 
since the susceptor particles were not resin coated. The 
relationship between strength and the relative number of 
susceptor particles in the specimen will be presented ln 
another section of the thesis. 
A comparison of the relative heating efficiency of 
each mesh size is shown in Figures 16 through 18. These 
curves are plotted from the same data used in Figures 12 
through 15. Each plot is for a constant weight per cent 
susceptor of the mesh size indicated for each curve. It 
is apparent that for a given percentage of susceptor, the 
heating efficiency improves as the particle size is reduced. 
For example, Figure 16 shows that a formulation containing 
20 per cent +100 mesh susceptor requires approximately 11 
minutes to cure to ultimate strength, whereas a mixture 
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4 minutes. It also may be noted that for a given amount 
of susceptor, the ultimate strength is lowered as the 
susceptor particle size is reduced. 
The appearance of the specimens having an optimum 
cure is shown in Figure 19. Each specimen represents a 
given susceptor mesh size and percentage. The retention 
time required for each specimen to obtain an optimum cure 
may be found from the curves in Figures 12 through 15, 
being the same as the retention time required to obtain 
the ultimate strength. For a constant percentage of sus-
ceptor, note how the color changes from yellow brown to 
very dark brown as the particle size is reduced. This 
is undoubtedly due to the larger number of particles com-
prising a given weight of the finer mesh susceptor as com-
pared to the same weight of coarse mesh material. A 
larger number of particles would present more surface 
area while the surface area of the sand remains constant. 
Hence, for a given percentage, the specimen containing 
fine mesh susceptor appears to have a much larger amount 
and the color approaches that of the susceptor itself. 
The relative heating characteristics of the three 
susceptor types, magnetite, iron and ferrosilicon, are 
shown in Figure 20. The plot is for 20 per cent +200 
mesh susceptor but the relative positions of the curves 
is typical of all sizes and amounts as can be seen by 
referring to the complete series of plots in the appendix. 
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Figure 19 
Specimens Cured With Fe 3 0 4 Susceptor. 
Each Specimen has an Optimum Cure and Was Made Using the 
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It is obvious that on a weight percentage basis, magnetite 
is the most efficient susceptor, followed by iron and 
ferrosilicon. On the other hand, the ultimate strength 
is the highest for a given percentage of iron followed 
by ferrosilicon and magnetite. 
The appearance of the specimens containing iron and 
ferrosilicon susceptor and having an optimum cure are 
shown in Figures 21 and 22. These specimens may be com-
pared to the magnetite susceptor specimens shown in Figure 
19 and noted that the properly cured specimens with both 
iron and ferrosilicon susceptors are lighter in color. 
This is due to the difference in color and density of the 
three susceptor powders, magnetite having a density of 
5.2, ferrosilicon 6.43 and iron 7.87 grams per cc. Thus, 
for a given weight and particle size, magnetite powder would 
be composed of more particles than iron or ferrosilicon and 
hence more surface area. Also, magnetite is black, whereas 
iron and ferrosilicon are typically metallic gray. 
C. Discussion of Results 
As pointed out in the background information three 
types of phenomena can occur when powdered susceptors are 
exposed to an induction field. Eddy current losses requlre 
current flow in the particles and heating occurs by I 2 R 
losses. Hysteresis losses occur due to friction accompany-
ing magnetic domain alignment and realignment. The exact 
mechanism of residual losses is nebulous but appears to be 
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Figure 21 
Specimens Cured With Iron Susceptor. 
Each Specimen Has an Optimum Cure and Was Made Using the 
Particle Sizes and Percentages Shown. 
56 
Figure 22 
Specimens Cured With Ferrosilicon Susceptor. 
Each Specimen Has an Optimum Cure and Was Made Using the 
Particle Size and Percentages Shown. 
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associated with an elastic after-effect. It is the object 
of this discussion to try to deduce the primary losses 
which caused heating of the powdered susceptors used in 
this investigation. 
From the results it is evident that the heating char-
acteristic of a powdered susceptor is related to the 
particle size. Bardell(lG) derives an equation for eddy 
current losses per unit volume of a magnetic core composed 
of spherical particles of diameter d and a packing factor 
P, i.e., Pis the ratio of the volume of magnetic particles 
to the volume of the core. 
Watts loss per 
= 
(6) 
unit volume 8 0 p 
Where: 
f = Frequency, cycles per second 
Bm = Maximum flux density, Gauss 
d = Diameter of magnetic particles, em. 
p = Packing factor 
p = resistivity, microhm-em. 
Assuming other factors constant (f, Bm' and p), this equa-
tion shows that eddy current losses are proportional to the 
square of the susceptor diameter and the packing factor. 
Thus: 
Losses "' d 2 P (7) 
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For this investigation the time to cure to ultimate strength 
should be inversely proportional to the losses. 
time to cure to 
"' _.l_ 
ultimate strength d2P 
(8) 
The time to cure to ultimate strength was found from strength 
versus retention time curves, Figure 16 and Figures 36 through 
43 in the appendix, and plotted versus log (l/d 2P) as shown 
~n Figure 23. It is obvious from this plot that the losses 
are not proportional to the square of the particle size as 
predicted by the equation for eddy current losses. Actually, 
the converse is true; the smaller the particle size the 
greater the losses and the less time to cure. 
In order for appreciable eddy current heating to occur, 
the reference depth, o, must be small as compared to the 
radius of the particle. The reference depth may be cal-









[ ~fll/ 2 ... in em. 
Depth at which current density 
surface value 
resistivity, abohm-cm. = 10- 9 
permeability 
frequency, cycles per second. 
(1) 
is 36.7% of 
ohm·cm. 


















Retention Time to Cure to Ultimate Strength - Minutes 
Figure 23 
Variation of Time to Cure to Ultimate Strength As a Func-
tion of Packing Factor (P) and Particle Size (d) for 20 
Per Cent Susceptor. 
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This is a simple calculation for massive material but for 
powders it is difficult if not impossible, since the re-
sistivities and permeabilities are not known. Also, it 
lS not known if this formula applies for agglomerations 
of particles, as in this investigation, but some generali-
zations can be made. 
The resistivity of natural magnetite varies over wide 
limits, depending on the purity. Polydorf(l4 ) gives a 
value of lOO ohm•cm. while Bardell(lG) gives l ohm•cm. 
Assuming the low value of l ohm•cm, the permeability re-
quired to make the reference depth equal to the radius (r) 
of a lOO mesh particle may be calculated. 
__ d __ O.Ol78 = o 0089 
. em. 
2 2 
Let o = r 100 = 8.9 x l0- 3 em. 
(and substituting this value into equation (l) and squaring) 
Solving for the permeability, 
= l09 abohm•cm. = 8 x lOs 
l.25 X l0 4 X lO-G X lOS 
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This is an extremely high permeability for any magnetic 
material and obviously several orders of magnitude higher 
than the permeability of magnetite. Using the higher 
resistivity value would make this number still larger. 
The same calculation for iron and ferrosilicon give 
permeability values of 8 and 160 respectively. The re-
sistivities used for these calculations are those given 
by Bardell(l 6 ) which appear to agree with most values found 
ln other references. The actual permeabilities of massive 
iron and ferrosilicon are much higher than these values, 
indicating that eddy currents could theoretically be in-
duced in these particles if their mass permeabilities can 
be extrapolated to small particles. Polydorf(l4 ) states 
that permeability is decreased as the particle size is re-
duced and uses Howe's formula< 17 ) for calculating the com-
pos~te permeability of dust cores. In this formula the 
composite permeability is a function of the packing factor 
previously mentioned. 
Where: 
= ~ 0 -(2/3)(1 -P) (~ 0 - 1) 
1 + ( 1 - P) I 3 ( ~ 0 - 1) 
= composite permeability 
= intrinsic permeability of material 
p =packing factor, i.e., fractional volume 
of magnetic material in the core. 
( 3) 
For low values of the packing factor, between 0.05 and 
0.15 in this investigation, the composite permeability 
is very low, being between 1 and 2. According to this 
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formula, the intrinsic permeability of the material has 
very little effect on the composite permeability for these 
low packing factors. This indicates that the sand-
susceptor mixtures used in this investigation would all 
have about the same composite permeability and if the com-
posite permeability is to be used for reference depth cal-
culation, these materials theoretically would not exhibit 
appreciable heating due to eddy currents. The experimental 
results seem to agree that eddy current losses are not the 
primary cause of heating in these susceptors. 
Polydorf(l4 ) points out that hysteresis losses are 
the primary cause of heating in ferrite induction cores,in-
eluding those made of magnetite. He also gives data illus-
trating that eddy current losses do not predominate in iron 
powder cores at frequencies below 3 megacycles. 
Bardell(lS) gives the following formula for hysteresis 
losses based on the area of the material hysteresis loop: 
Hysteresis loss in ergs/cm 3 = ( 9) 
Where: 
B = flux density 
1-1 = permeability 
f = frequency 
K = constant 
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In this equation the losses are not a function of the par-
ticle size, however, Welsly(lS) points out that it has been 
found empirically that the hysteresis losses in dust cores 
increase as the particle size is reduced. This appears to 
agree with the results of this investigation. 
Assuming that hysteresis losses are the predominant 
cause of heating, the above equation indicates that: 
Time to cure "' 1 l-13 "' -- (10) 
losses B3f 
Assuming that the flux density is constant for a given 
percentage of susceptor and at constant frequency: 
Time to cure "' l-13 (11) 
The packing factor, P, used to plot the curves in 
Figure 23 is essentially a constant for all particle sizes 
for a given type and weight percentage of susceptor. How-
ever, the number of particles in a given weight percentage 
of susceptor increases as the particle size is reduced, 
being inversely proportional to the cube of the particle 
diameter. The number of particles in a given mass of pow-
dered material may be estimated for each mesh s1ze as shown 
by Granlund(l 9 >. In these calculations the average particle 
size is assumed to be the average of two adjacent screen 
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openings. For example, the 65 mesh screen has an opening 
of 0.208 mm and the 100 mesh screen an opening of 0.147 mm. 
The average particle size may be calculated as follows: 
Average particle size 
= 
of -65 +100 mesh powder 
0.208 + 0.147 
2 
= 0.178 mm 
The volume of each particle may be calculated if the shape 
is known from which the average mass of a particle may be 
calculated as follows: 
and: 
Density = mass 
volume 
mass per particle = density x volume per particle 





volume per particle x dens1ty 
In the first approximation, the particle shape may 
be considered as cubic, in which case the volume is simply 
the cube of the average particle size. This is probably 
the best approximation that can be made for these powders 
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and since the ultimate use of these calculations is of a 
relative nature, the assumption appears justified. Using 
these assumptions, the particles per gram for each mesh 
size was calculated and are shown in Table 6. 
Opening Ave.Particle Particles per gram 
Mesh em Size - em. Fe304 Fe FeSi 
65 0.0208 
O.Ol78 3.42xl04 2.26xl0 4 2.77xl0 4 
lOO O.Ol47 
O.Ol26 9.4 xl0 4 6.2 xl0 4 7.6 xl0 4 
l50*i~ O.Ol04 
0.0089 2.75xl0 4 l.82xlos 2.22xlos 
200 0.0074 
0.0059 9.4 xl0 5 6.2 xl0 5 7. 6 xlos 
325 0.0044 
-325 ;'c ll.O xl0 6 2.7 xl0 6 2.43xl06 
* Average particle size determined by U.S.B.M. 
Fe = 0.0036 FeSi = 0.0040 
** This sieve fraction not used for experimental data. 
Table 6 
Average Particle Sizes and Particles Per Gram for Each 
Particle Size. 
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In order to determine the number of susceptor particles 
in a given volume of ~usceptor-sand mixture, the apparent 
density of the mixture was required. The apparent density 
of each mixture was determined by filling a container with 
the mixture, tapping the container until the mixture main-
tained constant volume, and weighing the known volume of 
mixture. This method closely simulated the method used 
in filling the mold cavity for determination of the heat-
ing characteristics. Three apparent density determinations 
were made for each mixture and averaged. The results are 
shown in Table 7. 
The number of susceptor particles per gram of each 
mixture was determined as follows: 
100 mesh Fe 3 0 4 , 20% susceptor 
Apparent density = 1.77 gm/cc 
0.2 x 1.77 = .353 gm of susceptor per cc 
of mixture 
0.353 gm susceptor/cc x 3.42 x 10 4 particles/gm susceptor 
= 1.21 x 104 particles/cc of mixture. 
The number of susceptor particles (N) per cubic centimeter 
of mixture is given in Table 8. 
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SUSCEPTOR PER CENT APPARENT DENSITY gm/cc 
MESH SUSCEPTOR Fe304 Fe FeSi 
+100 20 1.77 1.89 1.83 
+200 20 1.71 1.83 1.81 
+325 20 1.74 1.84 1.82 
-325 20 1.78 1.87 1.85 
+100 25 l. 81 1.95 1.93 
+200 25 1.74 1.89 1.86 
+325 25 1.78 1.89 1.87 
-325 15 1.74 1.82 1.81 
+100 30 1.88 1.99 1.98 
+200 30 l. 7 9 1.95 1.93 
+325 30 1.83 1.96 1.93 
-325 10 l. 71 1.78 1.76 
Table 7 





























NUMBER OF SUSCEPTOR PARTICLES 
per cc x 104 
Fe304 Fe FeSi 
1.21 0.86 1.0 
1.55 1.1 1.34 
1.92 1.4 1.64 
9.4 6.7 8. 0 
11.9 8.6 10.4 
14.8 10.6 12.9 
32.7 22.8 28.0 
41.7 29.3 35.4 
51.5 36.4 44.2 
188 48 43 
288 74 64 
392 100 91.0 
Table 8 
Number of Susceptor Particles Per Cubic Centimeter of 
Sand Susceptor Mixture. 
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Figure 24 is a plot of time to cure to ultimate strength 
versus l/d2 N for 20 per cent susceptor. This plot shows that 
the time to cure to ultimate strength is a function of the 
susceptor type, the particle size and the relative number 
of particles. The difference in the slopes of these lines 
~s probably related to the permeability. Magnetite has 
the lowest permeability and the shortest curing times 
followed by iron and ferrosilicon. The permeability of 
ferrosilicon is not known but is probably the highest of 
the three susceptors, since iron-silicon alloys were 
developed to take advantage of their high permeability 
and low losses in transformers. 
Based on this analysis the experimental data appears 
to fit the following relationship: 
Time to cure to optimum strength = (14) 
Where: 
~ = Permeability 
d = Diameter of Particles - em. 
N = Number of Particles/cm3 
B = Flux Density 
f = Frequency 
K = Constant 
The constant K in the above equation is probably related 
to the geometry of the set-up as regards size of coil, 
type of mold and size of mold. 
o. s I 0 -325 Mesh Susceptor 
D +325 Mesh Susceptor 
ll +200 Mesh 'Susceptor 
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Figure 24 
Variation of Time to Cure to Ultimate Strength as a Function of th
e 





D. Effect of Coil Current 
One group of experiments was performed to determine 
the effect of coil current on the heating efficiency. For 
these runs 25%, +325 mesh magnetite was used, the magnetite 
being coated with 4% resln. 
2 5. 
The results are shown in Figure 
The coil current was constant for each curve, having 
the value shown in the legend. It can be seen that, as 
expected, the coil current exerts an important influence 
on the time to cure to optimum strength. 
According to the previous discussion, the time to cure 
lS inversely proportional to the flux density cubed (B 3 ). 
The flux density is related to the field intensity by 
B = ].IH (2) 
and the field intensity is proportional to the coil current, 
i.e. : 
H "' I (15) 
Hence 
(16) 
and the time to cure would be inversely proportional to the 
current cubed. Figure 26 is a plot of time to cure versus 
l/I3 and shows that the experimental data follows this 
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Figure 25 
The Curves of Modulus of Rupture vs. Retention Time for Various Coil Currents. 
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Figure 26 
Variation of Time to Cure to Ultimate Strength as a Function of Coil 




E. Effect of Uncoated Susceptor Particles on the Modulus 
of Rupture 
The plots of retention time versus modulus of rupture 
indicated that the susceptor particle size influenced the 
maximum strength of the cured specimens. There was also 
evidence that the susceptor type might be involved. Thus, 
Figure 20 shows that for 20% +200 mesh susceptor, the speci-
mens containing iron susceptor reached the highest strength 
followed by ferrosilicon and magnetite. Figure 16 illus-
trates that the strength is lowered as the susceptor par-
ticle size is reduced. These trends are not surprising 
as it would be expected that increased numbers of uncoated 
particles would lower the strength. 
In order to see if any correlation existed between 
particle size and strength, the number of particles per 
cm2 was calculated and plotted against the maximum modulus 
of rupture as shown in Figures 27 and 28. The data points 
for -325 mesh (26 micron) magnetite are not shown in Figure 
27 due to the large number of particles per cm2 for this 
material. Figure 28 shows these points on a reduced scale 
as well as the lines for +100, +200 and +325 mesh material. 
These plots definitely show that when the relative 
number of particles are considered, the coarse mesh par-
ticles exert a much larger influence on the strength than 
the finer particle sizes. Obviously, for the same number 
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particles increases as the particle size 1ncreases. Also, 
the larger particles, such as 100 mesh, would not be accom-
modated in the void spaces 1n the sand as well as the finer 
mesh particles. 
By extrapolating these lines to zero particles the 
approximate strength of 4% resin bonded sand not contain-
ing susceptor particles is obtained. The intercept on 
the strength axis appears to be about the same for all 
particle sizes, having a value between 1100 and 1200 psi. 
Table 9 gives modulus of rupture data for specimens 
cured using a conventional method. These specimens were 
cured at 400°F using the apparatus shown in Figure 29. 
This is a commercially manufactured apparatus for making 
transverse strength specimens of resin bonded sand. It 
is thermostatically controlled and produces a spec1men 
4" x l/2" x l/4" as shown in the figure. The specimen 
are actually heated on three sides and the ends, the other 
side being open to the atmosphere. 
Five specimens were tested for transverse strength 
for each curing time. The highest modulus of rupture was 
1200 psi and the lowest was 970 psi and the strength did 
not seem to be a function of curing time for times greater 
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Modulus of Rupture of Specimens Conventionally Cured at 400oF
. 
The specimen are shown in Figure 30 along with speci-
mens cured at 350, 450 and 500°F. Note that overcuring, 
as indicated by the brownish appearance, occurs at about 
2 to 3 minutes curing time at 400°F, l minute at 450°F and 
about 30 seconds at 500°F, while the specimens cured at 
350°F did not indicate overcuring even at 20 minutes. It 
also should be noted that the over cured specimens, cured 
at 400°F, did not noticeably lose strength, even when 
severely overcured. 
The strength of most of these specimen is within the 
range indicated by the extrapolation of the lines in Figures 




Apparatus for Making Resin Bonded Sand
 Transverse Specimens. 
Each Cav~ty Produces _a Specimen Which I
s 1/4 x 1/2 x 4". 
Only One Cavity Was Used as Shown. 
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Figure 30. 
Transverse Specimens Cured by Conventional Method Using 
Apparatus Shown in Figure 29. Each Specimen was Cured at 
the Temperature and Time Shown. 
8l 
F. Effect of Resin Coated Susceptor Particles ~ Strength 
Since the strength was lowered considerably by the 
addition of uncoated susceptor particles, several specimens 
were cured using magnetite susceptor coated with 2% and 4% 
resin. For these runs +325 mesh magnetite was used as the 
susceptor. The results are shown in Figures 3l through 
35 along with the results of using uncoated susceptor. 
The effect of using resin coated susceptor particles 
is apparent, the ultimate strength increasing as the amount 
of resin on the susceptor is increased from 2 to 4 per cent. 
In fact, the moduli of rupture of the specimens containing 
susceptor particles coated with 4 per cent resin are higher 
than resin coated sand without susceptor particles. The 
highest modulus attained by 4 per cent resin coated sand, 
cured by conventional means was l200 psi, whereas the moduli 
of specimens cured with susceptor coated with 4% resin was 
l400 psi. A possible explanation for this may be that the 
change in the particle size distribution due to the addition 
of +325 mesh susceptor increases the strength. Also, 4% 
by weight resin on magnetite is actually more than 4% by 
weight resin on silica sand. Thus, the greater surface 
area of sand for a given weight as compared to magnetite 
would cause the resin coating to be thinner on the sand 
particles, and it is well known that the strength of resin 
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Figure 32. Variation in Modulus of Rupture with Retention Time for 25% +325 Mesh 







(PSI X 102) 
14 
I ~ 
0 Susceptor Not Coated 
12L I ~ Susceptor Coated with 2% Resin 





20 22 24 
Retention Time (Minutes) 







(PSI X 102) 
14 
12 
0 20% Susceptor 
~ 25% Susceptor 
~ 30% Susceptor 
16 18 
Retention Time (Minutes) 
20 22 
Figure 34. Variation in Modulus of Rupture with Retention Time for +325 Mesh 
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Figure 35. Variation in Modulus of Rupture with Retention Time for +325 Mesh 





It is interesting to note that for 2% resin coated 
susceptor the maximum strength decreased as the per cent 
susceptor was increased from 20 to 30 per cent as shown 
in Figure 34. However, for 4% resin coated susceptor, the 
strengths remained about the same for all percentages as 
shown in Figure 35. 
These results clearly indicate the advantage of coat-
ing the susceptor particles if strength is an important 
factor. The strength is probably affected by susceptor 
particle size, per cent resin on the susceptor particles 
and type of susceptor. Also, if the percentage of resin 
on the susceptor is less than the percentage on the sand, 
the strength will be lowered as the relative amount of 
susceptor is increased. 
Another interesting fact lS brought out ln Figures 
31, 32 and 33. There is an apparent difference in the 
retention time required for optimum cure when using resin 
coated susceptor particles as compared to uncoated particles. 
This indicates that the resin coating decreases the losses 
in some way, possibly by preventing any of the susceptor 
particles from contacting each other. In induction cores, 
extreme caution is used during manufacture to prevent damage 
of the resin coating, as increased losses are known to 
prevail in cores in which the particles are not separated 
by the coating. 
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IV. CONCLUSIONS 
The following information and conclusions were deter-
mined from the results of this research: 
l) The establishment of the feasibility of heating 
and consequent bonding together of resin coated sand grains 
by induction heating of a uniformly dispersed powdered 
susceptor. This method of curing resin coated sand is 
believed to have application in the production of foundry 
mold components such as cores. 
2) For the frequency investigated the powdered sus-
ceptor heats primarily due to hysteresis losses. The lm-
portance of this conclusion is evident when one considers 
that hysteresis losses are proportional to the frequency 
and inversely proportional to the cube of the permeability. 
Thus, powdered susceptors having a low permeability such 
as magnetite may be heated more efficiently by induction 
than those having higher permeabilities. Also, the heat-
ing efficiency would improve linearly as the frequency is 
increased. 
3) The heating efficiency of a powdered susceptor 
dispersed in resin coated sand is improved as the particle 
size is reduced. This appears to be primarily due to the 
larger number of particles in a given weight of fine mesh 
material as compared to the number of particles comprlslng 
the same weight of a coarse mesh material. Hence, the 
heating efficiency is a function of the particle size and 
number of particles. 
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4) The heating efficiency of a powdered susceptor 
improves as the coil current is increased, being propor-
tional to the cube of the coil current. The induction 
unit used for this investigation was of relatively low 
power, lO KW, and produced a maximum of l45 amps in the 
coil. Much higher currents would be produced by induction 
units having a power output of 50 to lOO KW, thereby dras-
tically reducing the curing times for all formulations. 
5) The overall result of Conclusions 2, 3 and 4 
provides the following equation which appears to govern 
induction heating of the powdered susceptors investigated: 
Time required for (l7) 
optimum cure 
Where: 
~ = Permeability 
d = Diameter of susceptor particles 
N = Relative number of susceptor particles 
B = Flux density 
f = Frequency 
Since B = ~H, and H is proportional to the coil current, 
for a given particle size susceptor and constant 
permeability: 
Time required for l (l8) 
optimum cure 
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Where I ls the coil current. 
This is in contrast to eddy current heating which w
ould 
be governed by the following relationship: 





for constant permeability and resistivity. 
(19) 
(20) 
A compari~on of Equations 18 and 20 shows the impor-
tance of determining the primary cause of susceptor
 heating. 
With hysteresis heating, increasing the coil curre
nt is 
much more beneficial to the efficiency than increas
ing the 
frequency, whereas in eddy current heating both co
il cur-
rent and frequency exert the same influence on the 
heat-
ing efficiency. 
Although the experimental results seem to indicate 
that hysteresis losses predominate in these suscep
tors 
under the conditions investigated, further research
 is 
needed to.definitely establish this conclusion. This 
could 
be accomplished by repeating the procedure of this 
work 
at various frequencies and coil currents. 
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In addition to the above conclusions, the following 
supplemental information was disclosed by this investigation: 
1) The strength of the properly cured resin coated 
sand-susceptor specimens is influenced by the susceptor 
particle size and relative number of particles. For the 
same weight percentage, the strength is lowered as the 
particle size is reduced, but for the same number of sus-
ceptor particles the strength is lowered as the particle 
size ~s increased. 
2) The strength of a properly cured resin coated 
sand-susceptor mixture may be increased by coating the 
susceptor particles with resin. The increase in strength 
is a function of the amount of resin coating on the sus-
ceptor particles. Strengths were attained which were 
greater than those attained from specimens cured by con-
ventional methods. 
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V. SUGGESTIONS FOR ADDITIONAL RESEARCH 
Although the results of this investigation were infor-
mative, equipment limitations precluded a comprehensive 
determination of all of the factors involved in the indue-
tion heating of powdered susceptors. It is suggested that 
the following additional research would be desirable. 
l) A study of the effect of frequency on the heating 
characteristics of powdered susceptors. From this study, 
a frequency-susceptor particle size relationship could be 
determined. 
2) A study of the effect of coil current on the 
heating efficiency of powdered susceptors. At high coil 
currents the weight percentages of the susceptor probably 
could be reduced without any loss in efficiency. This 
should be investigated in the range l to lO per cent 
susceptor. 
3) A study of the heating characteristics of non-
magnetic susceptors. Preliminary experiments indicated 
that non-magnetic powdered susceptors may be heated by in-
duction but due to power and frequency limitations very 
large particle sizes were required. At higher frequencies 
and coil currents it should be possible to efficiently heat 
non-magnetic powdered susceptors. 
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4) An investigation of the physical and mechanical 
properties of agglomerates cured by powdered susceptor-
induction heating. These properties would include all those 
that are important in cores and molds such as hot strength, 
gas permeability, thermal expansion, and thermal conductivity. 
These properties can be very significant when casting quality 
is considered. Tooke( 20) has found that the surface finish 
of steel castings is greatly improved when cast into shell 
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+100 Mesh Fe - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
5 2.1 1.9 2.0 192 
6.75 4.0 3. 6 3.8 365 
9 6.3 5.5 5.9 566 
11 7.4 7.2 7.3 700 
12.5 8.4 7.6 8.0 767 
14 8.7 8.3 8.5 815 
16 8.8 8.4 8.6 825 
17.5 8. 3 8.2 8. 3 795 
+100 Mesh Fe - 25% 
4 2.7 2.3 2.5 240 
5 4.6 3.8 4.2 403 
6 5.4 5.0 5. 2 498 
7 6. 5 5.5 6.0 576 
9 7.7 7.3 7.5 720 
11 7.7 7.7 7.7 739 
12.5 7.4 7.6 7. 5 720 
+100 Mesh Fe - 30% 
2. 5 2. 2 1.8 2.0 192 
4 5.0 4.6 4.8 461 
5 6.3 6.1 6.2 595 
6.5 7.3 6.7 7.0 672 
8 7. 6 7. 0 7.3 700 
9.5 7. 2 7. 0 7.1 682 
Table 9 • Results of Using +100 Mesh Iron Susceptor. 
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+200 Mesh Fe - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
3 1.5 1.5 1.5 144 
4.5 4.7 4.3 4.5 432 
6 6. 6 6.0 6.3 605 
8 8.0 7. 5 7.8 747 
11 7. 9 7. 3 7.6 729 
13 7. 6 7.4 7. 5 719 
+200 Mesh Fe - 25% 
2 1.5 1.5 1.5 144 
3 4.2 3.8 4.0 384 
4 6.3 5.5 5.9 566 
5 7. 0 6.2 6.6 634 
6 7.4 7. 0 7. 2 691 
7 7. 5 6.7 7.1 681 
9 7.1 6.9 7 . 0 671 
+200 Mesh Fe - 30% 
1 2.1 1.9 2.0 192 
2 5.1 4.1 4.6 441 
3 6.1 5.9 6~0 576 
4 6. 9 6.5 6.7 642 
6 7. 3 5.7 6.5 623 
Table 10. Results of Using +200 Mesh Iron Susceptor. 
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+325 Mesh Fe - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE (MINUTES) 1 2 AVE (PSI) 
2 2 . 0 1.6 1.8 173 
3 4.5 3.9 4.2 403 
3.75 6.1 5.9 6. 0 576 
5 6.8 6.8 6.8 652 
7 7.5 7.3 7.4 710 
4.5 6. 8 7. 2 7. 0 671 
+325 Mesh Fe - 25% 
1.5 2. 7 2.3 2. 5 240 
2 4.2 3~8.:: 4.0 384 
3 5. 6 5.4 5. 5 528 
4 6. 6 6. 6 6. 6 634 
5 7.1 6.7 6. 9 662 
7 6. 9 6.7 6. 8 653 
+325 Mesh Fe - 30% 
1 3. 0 2.8 2. 9 278 
2 5. 6 5.6 5. 6 538 
3 6. 7 5.9 6. 3 605 
6.8 6.4 6. 6 634 4 
6.1 6.3 6.2 595 5 
Table 11. Results of Using +325 Mesh Iron Susceptor. 
:129fi?9 
100 
-325 Mesh Fe - 10% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
6 2.9 2. 5 2. 7 259 
10 6. 9 6.1 6. 5 624 
13.5 8.6 7.4 8.0 7 67 
16.0 8. 3 7 . 5 7. 9 758 
19.0 8.2 7.4 7. 8 748 
-325 Mesh Fe - 15% 
3. 0 2. 2 2.1 2.0 202 
3.75 3. 7 3. 3 3.5 336 
6 6.1 5. 9 6. 0 57 6 
8.75 7.9 7 . 0 7. 5 720 
10.5 7. 7 6.9 7. 3 700 
12.5 7 . 2 6.8 7. 0 672 
-325 Mesh Fe - 20% 
1.5 1.5 1.5 1.5 
144 
2 . 0 3. 6 2.4 3. 0 
288 
2 . 5 5.0 4.2 4.6 
441 
3.0 5.7 5. 3 5. 5 
527 
3 . 5 6. 5 6. 3 6.4 
614 
5.0 7 . 6 6. 3 7 . 0 
671 
7. 0 6.9 6. 3 6.6 
633 
Table 12. Results of Using -325 Mesh Iron Susceptor. 
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+100 Mesh FeSi - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
7 2.2 2. 0 2.1 202 
9 4.1 3. 5 3. 8 364 
11 5.0 4.2 4.6 441 
14 6.1 5. 7 5. 9 566 
16.5 7 . 0 5. 8 6.4 613 
19 7 . 4 7. 0 7. 2 690 
21 7.2 7.4 7. 3 700 
24 7.1 7.3 7. 2 690 
+100 Mesh FeSi - 25% 
5 2.4 2.2 2. 3 221 
7 5.4 4.8 5.1 489 
9 6.5 6.1 6. 3 605 
11 7.0 6. 6 6. 8 652 
14 6.5 6. 7 6. 6 633 
15.5 6.4 6. 6 6. 5 623 
+100 Mesh FeSi - 30% 
4 2.8 2.4 2. 6 249 
6 5. 8 4.8 5.3 
508 
8 6. 3 6. 3 6. 3 
605 
10 6.8 6.6 6. 7 
642 
12 6.4 6. 8 6. 6 
633 
14 6. 3 6.1 6. 2 
595 
Table 13. Results of Using +100 Mesh Ferrosilicon Susceptor. 
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+200 Mesh FeSi - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF TIME (POUNDS) RUPTURE (MINUTES) 1 2 AVE (PSI) 
6 2. 2 2. 2 2. 2 211 
7. 5 4.0 3. 8 3. 9 374 
10 6.2 6. 0 6.1 585 
12.75 6.3 6.3 6.3 605 
14.5 6. 5 6.1 6.3 605 
+200 Mesh FeSi - 25% 
3.75 2. 5 2. 3 2.4 230 
5.75 5.2 5. 0 5.1 489 
7. 7 5 6. 3 5. 7 6. 0 576 
10 6. 3 6. 2 6. 3 600 
12.75 6. 0 5.4 5. 7 547 
+200 Mesh FeSi - 30% 
3 2.4 2.0 2. 2 211 
3.75 4.2 3. 8 4.0 384 
5.75 5.5 5. 3 5.4 518 
7. 5 6.4 5. 8 6.1 58 5 
10 5.7 5.5 5. 6 538 
Table 14. Results of Using +200 Mesh Ferrosilicon Susceptor. 
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+325 Mesh FeSi - 20% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
4 2.3 1.7 2.0 192 
5 4.2 3. 2 3. 7 355 
6.5 5.4 4.7 5.1 490 
8 6.5 5.7 6.1 58 5 
10 6. 9 6.1 6.5 622 
13.5 6.2 5.8 6. 0 57 5 
+325 Mesh FeSi - 25% 
3 3.4 2.6 3. 0 288 
4 5. 3 4.7 5.0 480 
5 6. 2 5. 2 5.7 547 
6.5 6. 3 5. 7 6.0 575 
8 6.1 5.5 5.8 556 
10 5. 7 4.9 5. 3 508 
+325 Mesh FeSi - 30% 
2 2. 7 2. 3 2. 5 
240 
3 5.4 4.6 5.0 
480 
4 6.0 5.4 5.7 
547 
5 5.9 5. 5 5.7 
547 
6 . 5 5.8 5.2 5. 5 
528 
5.3 4.9 5.1 489 8 
104-
+325 Mesh FeSi - 4-0% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
1.5 2.8 2.2 2. 5 240 
2 4.6 4.2 4.4 422 
3 4-.8 4.8 4.8 461 
4- 4.8 4.4 4.6 4-41 
Table 15. Results of Using +325 Mesh Ferrosilicon Susceptor. 
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-325 Mesh FeSi - 10% 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
6 loS loS loS 173 
l0o25 5o9 5ol 5o5 528 
l2o5 7ol 6o5 6o8 652 
15 8 0 0 7o2 7o6 729 
19 7 0 5 7ol 7o3 700 
-325 Mesh FeSi - 15% 
3o75 2 0 9 2ol 2o5 240 
6 5o9 5o5 5o7 547 
9 7 0 2 6o4 6o8 652 
l0o75 7 0 3 6o5 6 0 9 662 
l2o5 7o0 6o6 6 0 8 652 
-325 Mesh FeSi - 20% 
2 2ol lo7 lo9 182 
3o5 5o9 5o5 5o7 547 
50 0 6o3 6o0 6o2 595 
6o0 6o5 6o3 6o4 614 
7 0 0 6o5 6o4 6 0 5 
623 
9 0 0 6o2 6o0 6ol 
58 5 



















7 . 5 
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Table 17 
EFFECT OF COIL CURRENT ON CURING RATE 
SAND AND SUSCEPTOR COATED WITH 4% RESIN 
25% +325 Mesh Fe 3 0 4 Susceptor 
R.F. Amps = 146 
LOAD AT RUPTURE MODULUS OF 
(POUNDS) RUPTURE 
1 2 AVE (PSI) 
2. 7 2. 5 2. 6 249 
5. 2 5. 0 5.1 489 
12.8 11.8 12.3 1180 
14.8 13.8 14.3 1382 
14.8 13.5 14.2 1363 
R.F. Amps = 140 
3. 7 3. 3 3. 5 336 
10.4 9.4 9.9 950 
13.0 12.1 12.6 1210 
14.5 13.7 14.1 1352 
15.0 14.0 14.5 1390 
R.F. Amps = 130 
2 . 3 1.7 2. 0 192 
7 . 0 6. 8 6. 9 663 
11.4 10.5 11.0 1055 
13.3 12.6 13.0 1242 
14.8 13.8 14.3 1370 
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R.F. Amps = 120 
3.25 3.8 3.4 3.6 350 
4.5 9.5 9.4 9.5 907 
5.75 11.9 11.8 11.9 1138 
8. 0 13.9 13.4 13.7 1310 
10.0 14.9 13.7 14.3 1370 
R.F. AmJ2S = 100 
4.5 2.0 2.0 2. 0 192 
5. 5 4.7 3.9 4.3 412 
8.0 11.0 10.0 10.5 1010 
10.0 13.2 12.1 12.6 1220 
14.0 15.0 14.2 14.6 1400 
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Table 18 
EFFECT OF COATING SUSCEPTOR PARTICLES WITH RESIN ON MODULUS 
OF RUPTURE 
Sand Coated with 4% Resin +325 Mesh 
Fe 3 0 4 Susceptor Coated with 2% Resin 
20% Susce:12tor 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
2 2.8 2.6 2.5 240 
3.75 6. 6 5.6 6.1 585 
5 7. 6 7.2 7.4 710 
7.75 9. 7 8.9 9.3 892 
10.0 9.3 8. 7 9.0 864 
25% SusceEtor 
1.5 2.8 2.6 2.7 259 
3 5.8 5.2 5.5 527 
3.75 7.7 7.1 7.4 710 
5 9.1 8. 6 8.9 855 
7.25 9.0 8 . 2 8.6 825 
30% Susceptor 
2.0 2.0 2.0 192 1 
5. 9 5. 3 5. 6 537 2.25 
8. 6 7.8 8. 2 787 3.75 
8. 0 7.6 7.8 748 5 
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Table 19 
EFFECT OF COATING SUSCEPTOR PARTICLES WITH RESIN ON MODULUS 
OF RUPTURE 
Sand Coated with 4% Resin +325 Mesh 
Fe 3 0 4 Susceptor Coated with 4% Resin 
20% Susceptor 
RETENTION LOAD AT RUPTURE MODULUS OF 
TIME (POUNDS) RUPTURE 
(MINUTES) 1 2 AVE (PSI) 
2 2.9 2. 6 2. 8 269 
3.75 9.7 8. 7 9. 2 882 
5 13.5 12.5 13.0 1248 
8.25 14.8 13.8 14.3 1372 
10.0 14.3 12.7 13.5 1295 
25% Susce:12tor 
1.5 2. 7 2. 5 2. 6 249 
2 5. 2 5. 0 5.1 489 
3.75 12.8 11.8 12.3 1180 
5 14.8 13.8 14.3 1382 
7. 2 5 14.8 13.5 14.2 1363 
30% Susceptor 
2 . 0 2. 0 2. 0 192 1 
2 9. 8 8. 8 9.3 
892 
14.5 13.5 14.0 1342 3.75 
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Figure 37. Variation in Modulus of Rupture with Retention Time for 20, 25 and 30% 
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Figure 38. Variation in Modulus of Rupture with Retention Time for 20, 25 and 30% 
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Figure 39. Variation in Modulus of Rupture with Retention Time for 10, 15 and 20% 
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Figure 40. Variation in Modulus of Rupture with Retention Time for 20, 25 and 30% 
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Figure 41. Variation in Modulus of Rupture with Retention Time for 20, 25 and 30% 
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Figure 42 . Variation in Modulus of Rupture with Retention Time for 20, 25 and 30% 
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Figure 43. Variation in Modulus of Rupture with Retention Time for 10, 15 and 20% 
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